Glycans, the carbohydrate units of glycoproteins, glycolipids, and proteoglycans, that cover all human cells. Around 1% of the human genome participates in the biosynthesis of glycans([@B1]). This biosynthesis is the most complex post-translational modification of proteins, and the great variability in glycan structures contains a tremendous ability to fine-tune the chemical and biological properties of glycoproteins. The glycosylation process occurs most abundantly in the Golgi apparatus and the endoplasmic reticulum, but also occurs in the cytoplasm and nucleus ([@B2]). Most glycoconjugates are localized to cell surfaces, where glycans participate in events essential for cell viability and function, such as cell adhesion, motility, and intracellular signaling ([@B2]). Changes in these functions are key steps seen when normal cells transform to malignant ones, and these are also reflected in changes of a cell\'s glycan profile, observed in many cancers ([@B3], [@B4]). Specific structural changes in glycans may serve as cancer biomarkers ([@B5], [@B6]), and changes in glycosylation profiles are related to aggressive behavior in tumor cells ([@B7][@B8]--[@B9]).

Cancer-associated asparagine-linked glycan (N-glycan) structures may play specific roles in supporting tumor progression; growth ([@B10], [@B11]), invasion ([@B12], [@B13]), and angiogenesis ([@B14]). Changes in the N-glycan profile emerge in numerous cancers, including lung ([@B15], [@B16]), breast ([@B17]), and colorectal cancer (CRC)[^1^](#G1){ref-type="fn"} ([@B16], [@B18]). Balog *et al.* ([@B18]) comparing the N-glycomic profile of CRC tissue to adjacent normal mucosa, reported differences in specific glycan structures. Moreover, serum N-glycosylation profile from patients with CRC differ from those of healthy controls ([@B19]).

Colorectal cancer is the third most common cause of cancer-related death worldwide and its incidence is rising; 40% of CRCs are of rectal origin. Roughly 40% of patients have localized disease (stage I--II; Dukes A--B), another 40% loco regional disease (stage III; Dukes C), and 20% metastasized disease (stage IV; Dukes D) ([@B20]). Although stage at diagnosis is the most important factor determining prognosis, clinical outcome, and response to adjuvant treatment can markedly vary within each stage. Adjuvant therapy routinely goes to stage III patients, but the benefit of adjuvant treatment for stage II patients is unclear. Of stage II patients, 80% are cured by radical surgery alone. To identify patients who will benefit from postoperative treatment, we need novel biomarkers. The glycan profile of the tumor tissue could provide new biomarkers for diagnosis and prognosis of cancer.

In this study, we characterized the N-glycomic profiles of rectal adenomas and carcinomas by MALDI-TOF mass spectrometric (MS) profiling of asparagine-linked glycans. Our aim was to identify differences between adenomas and carcinomas, and also between cancers of different stages. Based on glycan profiling, we also chose, for immunohistochemical expression studies of a series of 220 CRC patients, two glycan markers: sialyl Lewis a and pauci-mannose.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Patients

For MS analysis we chose 18 rectal carcinoma patients (four each at stages I--III and six at stage IV) and five rectal adenoma patients. Tissue samples were stored in the archives of the Department of Pathology, University of Helsinki. All selected cases were blood group A Rh+ in order to minimize the possible influence of blood group antigens on glycan profiles. Detailed patient characteristics are in [Table I](#TI){ref-type="table"}.

###### Description of the sample cohort

  Stage[*^a^*](#TFI-1){ref-type="table-fn"}   TNM[*^b^*](#TFI-2){ref-type="table-fn"}   Age[*^c^*](#TFI-3){ref-type="table-fn"}   Sex     Tumor size(cm)     Tumor histology[*^d^*](#TFI-4){ref-type="table-fn"}
  ------------------------------------------- ----------------------------------------- ----------------------------------------- ------- ------------------ -----------------------------------------------------
  Adenoma                                                                               84                                        F       Large              Severe dysplasia
  Adenoma                                     79                                        F                                         Large   Severe dysplasia   
  Adenoma                                     72                                        F                                         2       Severe dysplasia   
  Adenoma                                     64                                        M                                         10      Severe dysplasia   
  Adenoma                                     52                                        M                                         2       Severe dysplasia   
  A                                           T2N0M0                                    49                                        F       4                  Adeno, G1
  A                                           T2N0M0                                    59                                        M       3                  Adeno, G2
  A                                           T2N0M0                                    59                                        M       14                 Adeno, G2
  A                                           T2N0M0                                    53                                        M       2                  Adeno, G2
  B                                           T3N0M0                                    87                                        M       5                  Adeno, G2
  B                                           T3N0M0                                    71                                        M       7                  Adeno, G2
  B                                           T3N0M0                                    76                                        F       7                  Adeno, G2
  B                                           T3N0M0                                    56                                        M       5                  Adeno, G2
  C                                           T3N1M0                                    74                                        M       3                  Adeno, G2
  C                                           T3N1M0                                    61                                        M       4                  Adeno, G2
  C                                           T3N1M0                                    55                                        F       5                  Adeno, G2
  C                                           T3N2M0                                    84                                        M       4                  Adeno, G2
  D                                           T3N1M1                                    56                                        F       7                  Adeno, G2
  D                                           T3N2M1                                    82                                        M       5                  Adeno, G2
  D                                           T3N2M1                                    66                                        M       5                  Adeno, G3
  D                                           T4N2M1                                    28                                        M       6                  Adeno, G3
  D                                           T3N1M1                                    50                                        M       5                  Adeno, G3
  D                                           T3N2M1                                    64                                        F       3                  Adeno, G3

*^a^* Dukes A-D,

*^b^* TNM, tumor node metastasis,

*^c^* Age at diagnosis,

*^d^* Dysp.gravis = Dysplasia gravis, Adeno = Adenocarcinoma, G = Grade(1--4, WHO).

The study population for the immunohistochemistry comprised 220 consecutive colorectal cancer patients operated on from 1998 to 2001 at the Department of Surgery, Helsinki University Hospital ([@B21]). The Finnish Population Register Center provided the follow-up vital-status data needed to compute survival statistics, and Statistics Finland provided cause of death for all those deceased. Median follow-up was 5.1 years (range 0--13.2), with a 5-year disease-specific survival (DSS) rate of 64.8% (95%Cl, 58.1--71.5%). This study was approved by the local ethics committee (Dnro HUS 226/E6/06, extension TMK02 §66 17.4.2013) and the National Supervisory Authority of Welfare and Health (TEO Dnro 3990/04/046/07).

#### Tissue Samples for Mass Spectrometry

Representative areas of adenoma and carcinoma tissue were marked on HE slides. Paired adjacent samples were taken from the corresponding formalin-fixed, paraffin-embedded tissue blocks with a 3.0-mm puncher. The amount of harvested tissue was at least 1 mm^3^. The samples were deparaffinized with xylene and with ethanol-water series according to standard procedures.

#### Glycan Isolation

Glycans were detached from cellular glycoproteins by PNGase F digestion (Prozyme, Hayward, CA). First, soluble contaminants were removed by precipitating the proteins with ice-cold 75% ethanol at −20 °C. Precipitated proteins were recovered by centrifugation, followed by PNGase F digestion to the protein pellet in 20 m[m]{.smallcaps} sodium phosphate buffer (pH 7.3) in overnight digestion. The detached glycans then passed in water through Hypersep C~18~ (Thermo Scientific, Waltham, MA) and absorbed to Hypersep Hypercarb 50 mg (Thermo Scientific), both in a 96-well format. The carbon wells were washed with water, and neutral glycans were eluted with 25% acetonitrile in water (v/v); and acidic glycans with 0.05% (v/v) trifluoroacetic acid in 25% acetonitrile in water (v/v). The acidic glycans were further purified by adsorbing them first to a MassPREP^TM^ HILIC μElution Plate (Waters, Milford, MA) in 90% acetonitrile, and eluting by 50 m[m]{.smallcaps} NH~4~HCO~3~. Both glycan fractions were additionally passed in water through strong cation-exchange resin (Bio-Rad Laboratories, Hercules, CA) and C~18~ silica resin (Millipore, Billerica, MA).

#### Mass Spectrometry

Matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) mass spectrometry was performed by a Bruker Ultraflex III TOF/TOF instrument (Bruker Daltonics Inc, Bremen, Germany). Neutral N-glycans were detectable in positive ion reflector mode as \[M + Na\]^+^ ions, and acidic N-glycans in negative ion linear mode as \[M - H\]^−^ ions. Relative molar abundances of neutral and acidic glycan components were assigned based on their relative signal intensities in the mass spectra when analyzed separately as the neutral and acidic N-glycan fraction. The mass spectrometric raw data underwent transformation into the present glycan profiles by removal of the effect of isotopic pattern overlapping, multiple alkali-metal adduct signals, products of elimination of water from reducing oligosaccharides, and other interfering mass spectrometric signals not arising from the sample similarly as previously described ([@B22]). Resultant glycan signals in the glycan profiles were normalized to 100% to allow relative quantitative sample comparison. The glycan signals were then assigned to biosynthetic groups based on their proposed monosaccharide composition ([@B16], [@B22]), see [supplemental Table S1](http://www.mcponline.org/cgi/content/full/M114.041632/DC1).

#### Preparation of Tissue Microarrays and Immunohistochemistry

Formalin-fixed and paraffin-embedded tumor samples came from the archives of the Department of Pathology, Helsinki University Hospital. Representative areas on hematoxylin- and eosin-stained tumor slides were marked by an experienced pathologist. Three 1.0-mm-diameter punches from each sample were mounted on paraffin blocks by a semiautomatic tissue microarray instrument (TMA) (Beecher Instruments, Silver Spring, MD) as described ([@B21]).

TMA blocks were freshly cut into 4-μm sections. After deparaffinization in xylene and rehydration through a gradually decreasing concentration of ethanol to distilled water, slides were treated in a PreTreatment module (Lab Vision Corp., Fremont, CA) in Tris-HCl (pH 8.5) buffer for 20 min at 98 °C for antigen retrieval. The staining procedure utilized the Dako REAL EnVision Detection system, Peroxidase/DAB+, Rabbit/Mouse (Dako, Glostrup, Denmark) used an Autostainer 480 (Lab Vision). Dilution for anti-sialyl Lewis a antibody (CA19--9,Novocastra Laboratories Ltd, Newcastle upon Tyne, UK) was 1:300 and for the anti-pauci-mannose N-glycan antibody, 1:100 (mouse monoclonal antibody 100--4G11-A that binds to Man3 pauci-mannose N-glycans) ([@B23]).

#### Immunohistochemical Scoring

For anti-sialyl Lewis a and anti-pauci-mannose antibodies, negative cytoplasmic expression was scored 0, weakly positive as 1, moderately positive as 2, and strongly positive as 3. For statistical purposes, scores were dichotomized as low (0--1) and high (2--3). Stainings were scored independently by T.K. and J.H., who were blinded to clinical data and outcome. Differences in scoring were discussed until consensus.

#### Statistical Analyses

#### MS Analysis

For statistical analyses, we used the mean values of the relative intensities of N-glycan signals of each patient\'s paired samples. Mean relative intensities and the error of means of all N-glycan signals from the whole study group were calculated for neutral and acidic glycans separately. The Mann-Whitney-test served to compare differences of glycomic structures between adenomas and carcinomas, and between carcinomas of different stages. When a statistically significant difference was seen by the Mann-Whitney-test we also calculated the mean of glycan structures\' relative amounts, the standard errors of the mean, and the fold change of the means between groups. Error propagation served to assess standard error for the fold change. For principal component analysis (PCA), we used the relative intensities of structures, whose relative intensities differed significantly, by the Mann-Whitney-test, between adenomas and carcinomas. Two components were extracted for both neutral and acidic N-glycans. Bartlett\'s was the test showing whether the correlation matrix was identity matrix, and the Kaiser-Meyer-Olking was to test the adequacy of PCA for the data.

#### Immunohistochemistry

Evaluation of the association between sialyl Lewis a and pauci-mannose expression and clinicopathological parameters was by the Pearson chi-square exact-test. Disease-specific overall survival was counted from date of surgery until date of death from colorectal cancer, or until end of follow-up. Survival analysis was by the Kaplan-Meier method and was compared by the log rank test. All tests were two-sided. A *p* value of 0.05 was considered significant. All statistical analyses were done by SPSS version 20.0 (IBM SPSS Statistics, version 20.0 for Mac; SPSS, Inc., Chicago, IL, an IBM Company).

RESULTS
=======

### 

#### Asparagine-linked Glycan Profiles

To gain statistically significant information on asparagine-linked glycan structural changes in malignant transformation of rectal tumors, we analyzed 18 paired carcinoma samples (four each of stages I--III, six of stage IV) and five paired adenoma samples from 23 patients. [Figs. 1](#F1){ref-type="fig"}*C* and [2](#F2){ref-type="fig"}*C* show the overall profile analysis results, which differed markedly between malignant and benign samples, prompting more detailed investigation.

![**Neutral N-glycan profile of rectal adenoma and carcinomas of different stages.** MALDI-TOF mass spectrometric profiles of neutral asparagine-linked glycans between *m*/*z* 750--2750 Da, isolated from paraffin-embedded archival tissue samples of an adenoma *A*, and a stage IV carcinoma *B. C*, shows the relative intensities of the 35 most abundant glycan signals of rectal adenomas and carcinomas of different stages (I--IV). Error bars represent error of means. All glycan signals have been assigned to proposed monosaccharide compositions (see Abbreviations). All glycan signals were analyzed as sodium adduct ions, \[M+Na\]+. Major N-glycans are described with symbol methodology based on previous structural analyses ([@B16], [@B18]): Blue square = N-acetylhexosamine, green circle =, hexose, red triangle = deoxyhexose/fucose, yellow circle = mannose.](zjw0021549550001){#F1}

#### Neutral Asparagine-linked Glycan Profiles

Neutral N-glycan profiles generated from an individual rectal adenoma sample *versus* a stage IV rectal carcinoma sample were quantitatively clearly different ([Fig. 1](#F1){ref-type="fig"}*A* and *B*). For example, in stage IV carcinoma, the most abundant glycan signal *m*/*z* 1257 was (corresponding to the sodium adduct ion of the monosaccharide composition H5N2), in contrast to the adenoma. In addition, numerous glycan signals, such as *m*/*z* 917 (H3N2F1) and *m*/*z* 1663 (H5N4) were among the most abundant in the carcinoma profile, but low in the adenoma. Thus, in this sample pair many neutral N-glycan signals were characteristic of carcinoma.

There was considerable overall similarity between the major glycan signals observed in the present study and the previous study by Balog *et al.* ([@B18]) describing detailed analysis of N-glycans from both colorectal carcinoma and corresponding normal tissue. Comparison to the results of the previous study allowed us to derive initial structural information and support for the proposed monosaccharide compositions directly from the mass spectrometric glycan profiles of the present study. Importantly, the present sample cohort included patients with benign adenomas that were not included in the report by Balog *et al.* ([@B18]). Therefore the present comparison to benign abnormal growth allowed us to pinpoint the glycans that are specifically cancer-associated. Further, we were able to detect distinct N-glycans associated with either locoregional or metastatic rectal carcinoma.

[Fig. 1](#F1){ref-type="fig"}*C* shows the comparison of MALDI-TOF mass spectrometric profiles of neutral N-glycans from rectal adenomas and carcinomas. Glycan compositions H5N2, H6N2, H7N2, H8N2, and H9N2, identified as high-mannose type N-glycans, ([@B18]) were the most abundant glycan signals of the neutral N-glycan fractions of both adenomas and carcinomas. However, in comparison to adenoma, the relative amount of the smallest high-mannose type glycan H5N2 was increased in all carcinoma stages compared with the other high-mannose glycans. Further, a group of glycans more abundant in carcinomas than adenoma, were neutral complex-type N-glycans, most notably H3N4F1, H4N4F1, H5N4, and H5N4F1. The first two were indicative signals to cancer-associated terminal N-acetylglucosamine glycan modifications that were characterized in our previous study of colon glycosylation, these are caused by accumulation of nongalactosylated glycan structures in carcinomas ([@B16]). These glycans were identified to carry terminal N-acetylhexosamine in colorectal carcinoma samples ([@B18]). The third notable group of neutral glycan signals in the present study was pauci-mannose type N-glycans, which were more abundant in carcinomas than in adenomas, *e.g.* H2N2F1, H3N2, H3N2F1, and H4N2. This glycan group was already identified to be cancer-associated in the previous study of colorectal carcinoma ([@B18]),whereas the present results demonstrated that these glycans were not up-regulated in benign tumors. Further, the fucosylated pauci-mannose type N-glycans (compositions with F, *e.g.* H2N2F1 and H3N2F1) were more abundant at higher stages, whereas nonfucosylated structures (*e.g.* H3N2 and H4N2) were common at stage I.

#### Acidic Asparagine-linked Glycan Profiles

[Fig. 2](#F2){ref-type="fig"}*A* and [2](#F2){ref-type="fig"}*B* present corresponding profiles of acidic N-glycans from the same adenoma and carcinoma samples as the neutral N-glycan profiles in [Fig. 1](#F1){ref-type="fig"}*A* and [1](#F1){ref-type="fig"}*B*. Here we observed even larger differences between the N-glycan structures of the two sample types. For example, the four major acidic N-glycan signals of the stage-IV sample (marked with asterisks in [Fig. 2](#F2){ref-type="fig"}*B*), comprising the bulk of the total acidic N-glycan signals, were different from the four major acidic N-glycan signals in the adenoma sample (marked with asterisks in [Fig. 2](#F2){ref-type="fig"}*A*). All four signals in this individual adenoma sample profile, contained an acid ester (sulfate or phosphate) in the proposed composition, whereas all four signals in this individual carcinoma sample profile contained a sialic acid residue as the acidic group in the structure, and acid-ester modified glycans were found only as minor glycans in the carcinoma (for example *m*/*z* 1646). In the average glycan profile of the sample group ([Fig. 2](#F2){ref-type="fig"}*C*), the same phenomenon was seen; acid esters were abundant in adenoma, whereas sialylation dominated in carcinoma. Sulfate esters (SO~3~) and phosphate esters (PO~3~H) have nearly identical mass (79.957 and 79.966 Da, respectively) and cannot be distinguished by the time-of-flight mass spectrometer used in the present work. Balog *et al.* ([@B18]) could identify the modifications in their colorectal carcinoma glycans as sulfate using high-resolution mass spectrometry. Sulfated glycans are also commonly found in protein-linked glycans of digestive tract epithelia ([@B13], [@B20]). However, in the present study, these modifications are referred to as acid esters and marked with the symbol P in glycan compositions.

![**Acidic N-glycan profile of a rectal adenoma and carcinomas, and carcinomas of different stages.** MALDI-TOF mass spectrometric profiles of neutral asparagine-linked glycans between *m*/*z* 1000--2800 Da, isolated from paraffin-embedded archival tissue samples of an adenoma *A*, and a stage IV carcinoma *B. C*, shows the relative intensities of the 35 most abundant glycan signals of rectal adenomas and carcinomas of different stages (I--IV). Error bars represent error of means. All glycan signals have been assigned to proposed monosaccharide compositions (see Abbreviations). All glycan signals were analyzed as deprotonated ions, \[M-H\]-. \* = four major acidic N-glycan signals in each sample. The brackets indicate that position of the acid ester (SP) in the structure is not specified. Major N-glycans are described with symbol methodology based on previous structural analyses ([@B16], [@B18]): Blue square = N-acetylhexosamine, green circle =, hexose, red triangle = deoxyhexose/fucose, yellow circle = mannose, purple diamond = N-acetylneuraminic acid.](zjw0021549550002){#F2}

In the acidic N-glycan profiles ([Fig 2](#F2){ref-type="fig"}*C*), the acid ester-containing structures were major glycans in adenomas but not in carcinomas, (H5N4F2P1, H4N5F2P1, H5N4F3P1, and H4N5F3P1). Sialylated structures (compositions with S indicating sialic acid residues in the monosaccharide composition) dominated the carcinoma acidic N-glycan profiles, for example sialylated N-glycans S1H5N4F1 and S2H5N4F1. Larger sialylated N-glycans, like S1H6N5F1, were more common in carcinomas than in adenomas.

#### Glycosylation Differences between Adenomas and Carcinomas

When we compared N-glycan structures between adenomas and carcinomas, we saw statistically significant changes in numerous structures in neutral and acidic N-glycans ([Fig. 3](#F3){ref-type="fig"}*A* and [3](#F3){ref-type="fig"}*B*). A prominent cancer-associated glycan group was characterized by composition of only three N-acetylhexosamine (N) and four hexose residues (H), indicating that the corresponding molecular structures only had the building blocks for one N-glycan antenna. Balog *et al.* also identified such signals as monoantennary N-glycans in colorectal carcinoma patient samples ([@B18]). There was a significant increase in these monoantennary-size structures for both acidic (*p* = 0.030) and neutral N-glycans (*p* = 0.0001) in carcinomas compared with levels in adenomas.

![**Differences of neutral *A*, and acidic *B*, N-glycosylation between adenomas and carcinomas.** Fold change of the mean relative intensity of glycan structures from adenomas to carcinomas. Statistical analysis by the Mann-Whitney-test: \* = (*p* \< 0.05), \*\* = (*p* \< 0.01), \*\*\* = (*p* \< 0.001), \*\*\*\* = (*p* \< 0.0001), NS = Nonsignificant. Structural assignments based on: ([@B16], [@B18]).](zjw0021549550003){#F3}

Similarly, we could readily observe that sialylated structures were more common in carcinomas, whereas acid ester-modified N-glycans were especially abundant in adenomas. Also, neutral complex- and hybrid-type N-glycans were more common in carcinomas as evidenced in their significantly increased relative presence in the neutral N-glycan fraction. In carcinomas, we saw an increase, although statistically nonsignificant, of pauci-mannose structures among neutral N-glycans. We also analyzed the relative amount of those glycan signals that could potentially contain sialylated Lewis-type structures, already characterized by Balog *et al.* ([@B18]), that is, sialylated glycans that contained at least two fucose residues: such glycan signals were increased in carcinomas compared with adenomas, although the difference was statistically nonsignificant. All *p* values and ratios of means are in [Supplemental Table S2*A* and *B*](http://www.mcponline.org/cgi/content/full/M114.041632/DC1).

When we included the structures with statistically significant differences between adenomas and carcinomas (five structure types in neutral N-glycans and six in acidic N-glycan structures) in principal component analysis, we saw that the neutral N-glycans were homogenous in adenomas, but not in carcinomas. The profiles of carcinomas differed from those of adenomas, but they also differed among themselves ([Fig 4](#F4){ref-type="fig"}*A*). A similar phenomenon was apparent for acidic N-glycan profiles ([Fig 4](#F4){ref-type="fig"}*B*).

![**Principal component analysis separates rectal adenomas and carcinomas based on neutral *A*, and acidic *B*, N-glycosylation.** Black dots represent carcinomas and red triangles represent adenomas. For neutral glycans (Bartlett\'s test: *p* = 0.005, Kaiser-Meyer-Olking test: 0.588, PC1 (42.5%) *versus* PC2 (25.6%)). For acidic glycans (Bartlett\'s test: *p* \< 0.00001, Kaiser-Meyer-Olking test: 0.741, PC1 (83.3%) *versus* PC2 (8.1%).](zjw0021549550004){#F4}

#### Glycosylation Differences between Local Disease and Locoregional Disease

Acidic N-glycan signals with five N-acetylhexosamine residues (compositions with N5) were significantly more abundant in locoregional carcinoma (stage III) compared with local disease (stage I--II), whereas monoantennary-size N-glycans (compositions with H4N3) were more abundant in local disease samples compared with locoregional ([Fig 5](#F5){ref-type="fig"}*A*). *p* values and ratios of means are in [supplemental Table S2*C*](http://www.mcponline.org/cgi/content/full/M114.041632/DC1).

![**Differences of acidic N-glycosylation between *A*, local and locoregional rectal carcinoma, *B*, local and advanced rectal carcinoma.** Fold change of the mean relative intensity of glycan structures from *A* local (stage I--II) to locoregional carcinomas (stage III), and local to advanced carcinoma (stage III--IV). Statistical analysis by the Mann-Whitney-test: \* = (*p* \< 0.05), \*\* = (*p* \< 0.01), \*\*\* = (*p* \< 0.001), \*\*\*\* = (*p* \< 0.0001), NS = Nonsignificant. Structural assignments based on: ([@B16], [@B18]).](zjw0021549550005){#F5}

#### Glycosylation Differences between Local Disease and Advanced Disease

A group of acid ester-modified N-glycans, namely H5N4P1, H5N4F1P1, H5N4F2P1, H4N5F1P1, and H4N5F2P1, were increased in advanced disease (stage III--IV) compared with local disease (stage I--II), ([Fig. 5](#F5){ref-type="fig"}*B*). *p* values and ratios of means are in [supplemental Table S2*D*](http://www.mcponline.org/cgi/content/full/M114.041632/DC1).

#### Sialyl Lewis a and Pauci-Mannose Expression in Colorectal Cancer

#### Immunohistochemistry

Because glycome analysis indicated major cancer-related changes in expression in sialylated glycans and in pauci-mannose glycans, we decided to study these structures by immunohistochemistry. For this purpose, we used antibodies detecting sialyl Lewis a and pauci-mannose N-glycans. Sialyl Lewis a expression was membranous with apical membrane predilection and partially cytoplasmic, but with no visible nuclear staining. Sialyl Lewis a cytoplasmic expression was negative or low in 143 (66.5%) and moderate or high in 72 (33.5%) carcinomas. Pauci-mannose expression was mostly cytoplasmic and often granular, with only minor membranous accumulation and no visible nuclear staining. Pauci-mannose expression was negative or low in 105 (55.3%) and moderate or high in 93 (44.7%) carcinomas. Representative immunostainings are in [supplemental Figs. S1 and S2](http://www.mcponline.org/cgi/content/full/M114.041632/DC1).

#### Correlation with Clinicopathological Parameters

An association emerged between high sialyl Lewis a expression and low differentiation (*p* \< 0.035); expression associated neither with age, gender, tumor histology (nonmucinous *versus* mucinous), disease stage, nor tumor location (colon *versus* rectum or right *versus* left). High expression of pauci-mannose associated with nonmucinous histology (*p* = 0.014), but with no other clinicopathological parameters ([supplemental Table S3*A* and S3*B*](http://www.mcponline.org/cgi/content/full/M114.041632/DC1)).

#### Survival

Kaplan-Meier analysis showed a significantly poorer 5-year disease-specific survival (DSS) of colorectal cancer patients with high sialyl Lewis a expression, being for patients with high sialyl Lewis a expression, 42.5% (95% CI, 27.2--57.8%) and for low expression being 59.8% (95% CI, 56.1--63.5%, *p* \< 0.009, log-rank-test). Five-year DSS was significantly poorer for patients with advanced colorectal cancer with high pauci-mannose expression being 31.1% (95% CI, 15.8--46.4%) and for those with low expression 55.7% (95% CI, 42.4--69.0%, *p* = 0.022, log-rank-test).

DISCUSSION
==========

Here we show by MALDI-TOF MS analysis that the acidic and neutral N-glycan profiles of rectal adenomas and carcinomas clearly differ, and that principal component analysis of specific N-glycans can separate adenomas from carcinomas. We identified several specific N-glycan structure types whose amounts in carcinomas either increase or decrease during adenoma-carcinoma transition or cancer progression. We report for the first time that the amount of monoantennary N-glycan structures in cancer tissues is significantly increased as compared with corresponding benign tumor tissue. We also found differences in the amount of N-glycan structures between local and locoregional disease and between local and advanced cancer.

Sulfate esters are recognizable as typical modifications of digestive tract glycans ([@B24]), and they were also observable in previous glycosylation analyses of colorectal carcinoma and normal tissue samples([@B18]). In contrast, sialylation is more common in most tissues in the human body. Here, we observed that N-glycan profiles of adenomas were complex and rich in terminal glycan modifications typical of colon glycosylation. These included acidic esters partly replacing sialylation and complex fucosylation of N-glycans. In comparison, in the acidic N-glycan profiles of the carcinomas we observed a drastic loss of rectal epithelial glycosylation features including the acid ester modifications. Thus, the carcinomas showed dedifferentiation from the normal tissue-specific glycosylation, which was especially prominent at advanced stages. However, many glycan structures were increased in carcinomas and could serve as novel cancer biomarkers.

The homogeneity of adenomas\' N-glycan profiles and the difference between carcinomas N-glycan profiles and those of adenomas, and difference between themselves, were clearly visible in principal component analysis. Similar differences are seen between serous ovarian cystadenomas and serous carcinomas (Satomaa *et al.*, manuscript in preparation). Our results indicate that a distinction between benign and malignant tumors is apparent in mass spectrometric glycosylation analysis. Further studies are, however, necessary to transform the mass spectrometric results into clinically applicable methods. Immunohistochemical or serum biomarker assays would be useful if performed with specific antibodies. Based on our PCA results, we see that complex MS profile can be transformed into a simple equation, predicting malignancy. A prospective study with a larger sample cohort is needed to analyze the sensitivity and specificity of the MS method. Currently we routinely use multiwell sample preparation procedures. Because both MS and data analysis can be automated, we see possible clinical utility for the MS, as well.

The serum N-glycomic profile differs in CRC patients from that of normal controls; adenoma patients\' N-glycan profiles also differ from those of CRC patients ([@B19]). However, seeing directly the changes in the glycomic profiles of tumor cells, requires MS analysis of the tissue, because changes in serum glycosylation have been associated with altered glycosylation of immunoglobulin and acute phase proteins ([@B25], [@B26]).

Balog *et al.* ([@B18]) compared colorectal cancer samples from 13 patients with control samples taken 6 cm away from the tumor. They identified pauci-mannocidic (pauci-mannose) structures, sulfated N-glycans (acid esters), and sialyl Lewis-type epitopes to be more abundant in carcinomas than in control samples. Similarly, in our sample series, we saw an increase in pauci-mannose structures and same glycan signals as in the previous study that indicated sialyl-Lewis type structures from adenomas to carcinomas, although the differences were not statistically significant. Our amounts of sulfated N-glycans were lower in carcinomas than in adenomas. Balog *et al.* studied the difference between carcinoma tissue and adjacent normal tissue, but did not study adenomas. Our finding that acidic esters are highly abundant in benign tumors, suggests that they are not carcinoma specific biomarkers. We detected minor acidic ester modified glycans in carcinomas; whether they carry carcinoma specific sulfated structures warrants further studies. Balog *et al.* studied tumors originating from all colorectum, whereas our tumors were all of rectal origin. Our results correspond at a general level with those of Balog *et al.*, a sign of this method\'s repeatability.

To our knowledge, the increase in amount of monoantennary structures in any cancer tissue is reported here for the first time. Previously, an increased amount of monoantennary structures in serum has been reported for lung cancer ([@B15]).

By MS it was possible to identify a large number of glycan structures whose expression differed between carcinomas and adenomas; these included increased sialylated and pauci-mannose structures. Also differences between local carcinomas and metastasized tumors were found. These glycan structures are potential tumor markers deserving of investigation in large patient series. In this report, we included the analysis of two candidate glycan markers; sialyl Lewis a, better known as serum tumor marker CA19--9, and pauci-mannose. High tissue expression of sialyl Lewis a has been correlated with poor prognosis and unfavorable clinicopathological parameters in CRC ([@B27][@B28]--[@B29]). Our results confirm these findings. Elevated expression of pauci-mannose N-glycans correlated with nonmucinous histology and also associated significantly in advanced CRC with poor prognosis. These structures have been associated with lysosomal glycoproteins, but the mechanism of their accumulation in malignant tumors is currently not known. In addition to strong intracellular staining with the pauci-mannose antibody, we detected membranous accumulation of the structures in cancer cells, which suggests potential utility of this glycan group as a source of novel cancer-associated antigens. We also identified several other potential glycan structures identified by MS analysis, and expect further studies with specific antibodies to reveal their potential role in CRC.

Analysis of the full N-glycan profile of tumor samples is time consuming and laborious, we kept the number of tumor samples relatively low. We tried to eliminate possible variance in glycosylation resulting from tumor location by including only tumors of the rectum. As blood-group antigens are built of glycan structures, we chose only patients with blood group A Rh+, to eliminate the possible influence. Such strict inclusion criteria allowed us to use a reasonably small sample cohort to identify significant glycosylation changes apparently related to carcinoma progression.

Here we show that glycosylation of colorectal tumors differs at various stages of the adenoma-carcinoma sequence. We did not identify glycosylation differences only between adenomas and carcinomas, but also between local and more advanced carcinomas, differences that may reflect tumor ability to invade and metastasize ([Fig. 6](#F6){ref-type="fig"}). Most colorectal cancers arise from adenomas, a slow process taking years, even decades. Colorectal cancer is traditionally considered to be caused by accumulating mutations of key tumor-suppressor genes and oncogenes. Based on sequential analysis of the colon cancer genome, a subset of 12 key genes are proposed as most likely to be involved in the formation of an individual carcinoma ([@B30]). In addition, epigenetic changes, like chromatin conformation, nucleosomal occupancy and remodeling, and chromatin looping play important roles in carcinogenesis ([@B31], [@B32]). Here, we observed a major protein glycosylation shift from strictly tissue-specific N-glycan structures in adenomas into dedifferentiated glycosylation already in early-stage carcinomas. Colorectal carcinomas, but not adenomas, have the capability of invading basement membranes. Later in their progress, carcinomas have the potential to send metastases to local lymph nodes and to distant organs. Further studies are warranted to study the possible role of such changed glycosylation in carcinoma invasion and metastasis.

![**Changes in N-glycosylation during progression of colorectal carcinoma.** N-glycosylation changes during carcinoma progression via the adenoma-carcinoma pathway. Transition from adenoma to carcinoma is seen in up-regulation of numerous N-glycan structures. N-glycomic structures characteristic to digestive tract are seen also in adenomas. Results based on findings reported here and by Balog *et al.* (2012) ([@B18]) = \*.](zjw0021549550006){#F6}

Here we show that the N-glycan profiles of rectal adenomas and carcinomas differ. We have identified several specific N-glycan structures either up-regulated or down-regulated in carcinomas as compared with benign adenomas. Glycosylation differences existed between local and more advanced carcinoma. MS analysis of N-glycan profiles can identify specific glycan structures, and we demonstrate how the glycan structures identified can be tested as potential prognostic biomarkers by detection of these glycan structures *in situ* by immunohistochemistry.
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